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. Synthesis solutions for the fabrication of b-oriented ZSM-5 films.
(a)
Silica source: TEOS; Aluminium source: Aluminium isoporoxide; (b)
Silica source: Sodium silicate; Aluminium source : Aluminium sulfate.
For preparation of films using TPA + as the SDA, the secondary growth media (SGM) was prepared by adding TEOS into the mixture of TPAOH and deionized H2O under stirring in a sealed liner at room temperature for 4 h. Optionally, aluminum isopropoxide was added to the solution and stirred for 1 h. Then (NH4)2SO4 was introduced to the solution. After 30 min of stirring, the solution was filtered and transferred to a 20 mL Teflon-lined autoclave with the seeded substrate horizontally placed at the bottom of the autoclave. The hydrothermal secondary growth was placed in a static oven at 423 K for 3-42 h. After the required reaction time, the autoclave was removed from the oven and quickly cooled to room temperature by immersing in cool H2O. As-synthesized zeolite films on substrates were carefully removed from the autoclave and washed with copious amounts of deionized H2O and dried in air at 333 K.
For preparation of the SGM using TEOA and alcohols as the SDAs, a solution comprising 0.14 g of Al2(SO4)318H2O, 0.34 g H2SO4 and 33.99 g of H2O was added to a sodium silicate solution made by mixing 4.37 g of sodium silicate and 32.67 g H2O. Then, the required amount of SDA was added to the resulting solution. The solution was filtered and transferred to a 20 mL Teflon-lined autoclave with seeded substrate horizontally placed at the bottom of the autoclave. The hydrothermal secondary growth was carried out in a static oven at 453 K for 24 h. After the reaction, the autoclave was removed from the oven and quickly cooled to room temperature by immersing in tap H2O. As-synthesized zeolite thin films on substrates were carefully removed from the autoclave and washed with copious amounts of deionized H2O and dried at 333 K. The images of as-synthesized seed layers and ZSM-5 films were examined by the scanning electron microscope (SEM) XL-30 (Philips) instrument operating at an acceleration voltage of 5 kV. Before measurement the surface of the film was coated with Pt of about 5 nm thickness to avoid charging effects.
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B. X-ray Diffraction (XRD)
X-ray Diffraction (XRD) was used to confirm the orientation of the as-synthesized zeolite thin films. Diffraction patterns were collected using a Bruker D2 Phaser (2 nd Gen) instrument using a cobalt radiation source, Co kα = 1.789 Å. The samples were rotated at 15 revolutions/min. The intensity of all XRD patterns was normalized to the highest peak (020) and their positions were calibrated to the standard position of 10.209°.
C. Fluorescence Microscopy
The TPA + and alcohol directed zeolite ZSM-5 films for fluorescence microscopy measurements were synthesized on silicon wafers and quartz plates, respectively, to prevent contamination from glass. All zeolite thin films were first treated with 0.2 M NH4F solution for 6 h to remove the outermost amorphous silica layers that can block the channels of the thin films. The fluorescence microscopy measurements were conducted using a Nikon ECLIPS 90i upright confocal laser scanning fluorescence microscope with a 100 0.73 NA or a 50× 0.55 NA dry objective lenses. Fluorescence microphotographs were collected using 561 nm (a 575 nm long-pass filter) laser light. The emission was detected at 575 -635 nm using an A1R scanning head equipped with a spectral detection unit consisting of a diffraction grating and a 32 photomultiplier tube array. The wide field illumination mode measurements were performed using the excitation from a Xe arc lamp, a G2A filter (excitation pass band 510-560 nm and long pass emission filter at 590 nm), and an EMCCD camera (Andor Zyla) to collect reflected fluorescence light.
D. Brønsted Acid-catalyzed Oligomerization of Methoxystyrene
To confirm the framework incorporation of Al 3+ as Brønsted acid sites and simultaneously diagnose the film orientation, fluorescence microscopy was employed to probe the trapped reaction products from the Brønsted acid-catalyzed oligomerization of methoxystyrene. The reaction has been thoroughly studied in our group in the past, 3 and it is known that the Brønsted acidic zeolite ZSM-5 can catalyze the reaction resulting in three distinct types of fluorescent reaction products, i.
e. cyclic dimeric carbocation, linear dimeric carbocation and trimeric oligomeric carbocation, trapped within the zeolite ZSM-5 S5 channels, and with fluorescent spectroscopic fingerprints located at ~ 530 nm, ~ 600 nm and ~ 650 nm, respectively. 4, 5 The reaction pathways, leading to the formation of the fluorescent carbocation, are shown in Scheme S1. Moreover, the small molar quantities of zeolite films produced are unsuitable for e.g. solid-state NMR measurements to confirm the Al incorporation. Therefore, highly sensitive fluorescence microscopy has been applied in the present work to monitor the framework incorporation of Al 3+ leading to the genesis of Brønsted acid sites.
Scheme S1. Reaction mechanism of the oligomerization of 4-methoxystyrene, leading to the formation of fluorescent
The oligomerization reaction products (i.e., the formation of the cyclic dimeric carbocation, linear dimeric carbocation and trimeric oligomeric carbocation) can also be used as spectroscopic fluorescent markers for monitoring the orientation of the zeolite channel system, as different oligomerization products can only be trapped with their transition dipole moments along certain zeolite ZSM-5 channels. 4 To clearly show which product molecule is most suitable for examining b-orientation, the ZSM-5 monolayer with Si/Al = 250, highly b-oriented from XRD, was first studied using fluorescence microscopy. 100 µL of methoxystyrene was dropped on the monolayer and immediately heated in a conventional oven at 120 ºC for 24 h. As shown in S8a, the horizontally positioned monolayer (perpendicular to polarized light, see more information in Figure 3 )
showed fluorescence with a strong emission band around ~ 600 nm and an emission band with much lower intensity around ~ 650 nm. Furthermore, the monolayer was tilted from 30º, 45º to 60º, as shown in Figure 3 and Figure S8 , to probe the fluorescence, as in these positions the transition dipole moment of the trimeric carbocation (~650 nm) can be gradually excited by the polarized laser excitation light. A similar fluorescence band distribution was observed for all the three tilted positions ( Figure S8b ), that is, the fluorescence signal primarily consists of two emission bands with a gradual increase of the intensity ratio of ~ 650 nm and ~ 600 nm ( Figure S8c ) with the increase of the tilt angle. Furthermore, a 3D fluorescence microscopic study ( Figure S9 ) of the zeolite ZSM-5 monolayer visually shows the same evolving tendency of the intensity ratio of ~ 650 nm and ~ 600 nm.
Additionally, the control experiment conducted on a large zeolite ZSM-5 crystal has shown that the linear dimeric carbocation can be formed and predominantly observed along the sinusoidal channels of zeolite ZSM-5 ( Figure S10 ). Our S6 experiments have shown that the actual fraction of the linear dimeric carbocation in the straight and sinusoidal channels can vary depending on the reaction conditions, which is why these carbocations were not taken as a reliable marker of the boriented zeolite ZSM-5 monolayer. Unlike the linear dimeric carbocation, the trimeric carbocation with the fluorescence band at 650 nm ( Figure S10c ) is almost exclusively found along the straight channels, which is indirectly confirmed by the polarization sensitive experiments on model zeolite ZSM-5 crystals, and was found regardless of reaction conditions. These observations from large zeolite crystals are perfectly in line with the fluorescence measurements of zeolite ZSM-5 films, In summary, the results clearly demonstrate the exclusive orientation of the transition dipole moment of the trimeric carbocation (characterized by fluorescence emission at ~ 650 nm) along the straight zeolite channels, and Table S2 summarizes the observed location of the transition dipole moment of the oligomeric products. Thus, the fluorescence band of the trimeric carbocation at ~ 650 nm can be used as a very sensitive spectroscopic marker for orientation determination, and a perfectly b-oriented film will be fluorescence-free at this band in the horizontal orientation and highly fluorescent in the 60° orientation. ) was introduced to a methanol saturator for a 2 h reaction. At the same time, the UV-Vis diffuse reflectance spectra and mass profiles were recorded simultaneously. More specifically, the evolution of dimethyl ether (DME), ethylene, propylene and dimethoxymethane (DMM) were measured by monitoring the mass signals 45, 26, 42 and 75, respectively.
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Section S3: The structures of the employed structure-directing agents (SDAs)
The typical structures of tetrapropylammonium (TPA + ) and organics with different numbers of hydroxyl groups, namely 1OH 
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Study of the importance of hydroxyl groups on film synthesis
Control experiments were conducted to explore the role of hydroxyl groups by adding EtOH (solution 3) to solution 1, the SGM with TPA + as the SDA. Figure S6a shows that the overgrowth of crystals was significantly suppressed compared to the film (Figure 1b ) grown in EtOH-free SGM (solution 1) with the same Si/Al ratio of 63. Additionally, as sodium is a known SDA during zeolite synthesis, to exclude its influence, NaOH was added to solution 1 with Si/Al = 63 in place of TPA + , to preserve a constant OH -content (solution 4, no other SDAs), and no crystal growth was observed ( Figure S6b ). When half of the TPA + of solution 1 was replaced by NaOH (solution 4), to maintain the same overall OH -content as solution 1 (Si/Al = 63), a significant amount of needle-like structures formed on top of the film ( Figure S6c) . Thus, the importance of hydroxyl groups in the synthesis of highly b-oriented zeolite ZSM-5 films is evident, and sodium alone will not suppress the overgrowth of crystals when adding Al. The results show that the dipole moment of the trimeric carbocation molecule is exclusively aligned along the straight zeolite channels, demonstrating that fluorescence microscopy is a reliable method for the determination of the orientation of the pores. 
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Study of the sensitivity of fluorescence microscopy on film orientation
In purely siliceous MFI films, NH4 + is a known crystallization-mediating agent and can suppress nucleation due to its strong interaction with reactive silicate species, and it is also a buffer, which lowers the pH of the synthesis solution. 2 In the present work, we have studied its effect on the preparation of highly b-oriented zeolite ZSM-5 films, and a twofold amount of 
